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Ultrasensitive optical detection of nanometer-scaled particles is highly desirable for applications in
early-stage diagnosis of human diseases, environmental monitoring, and homeland security, but re-
mains extremely difficult due to ultralow polarizabilities of small-sized, low-index particles. Optical
whispering-gallery-mode microcavities, which can enhance significantly the light-matter interaction,
have emerged as promising platforms for label-free detection of nanoscale objects. Different from
the conventional whispering-gallery-mode sensing relying on the reactive (i.e., dispersive) interac-
tion, here we propose and demonstrate to detect single lossy nanoparticles using the dissipative
interaction in a high-Q toroidal microcavity. In the experiment, detection of single gold nanorods
in an aqueous environment is realized by monitoring simultaneously the linewidth change and shift
of the cavity mode. The experimental result falls within the theoretical prediction. Remarkably,
the reactive and dissipative sensing methods are evaluated by setting the probe wavelength on and
off the surface plasmon resonance to tune the absorption of nanorods, which demonstrates clearly
the great potential of the dissipative sensing method to detect lossy nanoparticles. Future appli-
cations could also combine the dissipative and reactive sensing methods, which may provide better
characterizations of nanoparticles.
I. INTRODUCTION
Single nanoparticle detection is of critical importance
in applications of human disease prediagnosis, real-time
environmental monitoring, and semiconductor manufac-
ture control. For example, the detection of a fatal virus
with a size ranging from tens of nanometers to a few mi-
crometers [1, 2] is a prerequisite for early-stage disease di-
agnosis, such as AIDS, SARS, and Ebola. Particles with
a size less than 300 nm in air can penetrate the lung
and sequentially enter the blood, causing severe organ
damage. Optical microcavities featuring high-Q factors
and small mode volumes, such as Fabry-Perot cavities
[3], photonic crystals [4, 5], microspheres [6–9], micror-
ings [10–14], microtoroids [15–17], microbubbles [18–20],
and microtubes [21, 22] have been widely investigated in
sensing applications. In general, the microcavity sensing
depends mainly on reactive (i.e., dispersive) interactions,
resulting in a resonance wavelength shift [23–26] or mode
splitting [26, 27], which essentially responds to the real
part of the polarizability of the targets. Via reactive
sensing, a single virus [28, 29] and a single nanoparticle
[30–33] have been detected experimentally. Furthermore,
by employing surface plasmon resonance (SPR) enhance-
ment [34–41], microcavity lasing [42–45], the noise sup-
pression technique [46], or exceptional point [47], a better
sensing ability can still be achieved.
In many applications, target analytes in the surround-
ing medium have small polarizabilities which, unfortu-
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nately, produce the weak reactive interaction with cav-
ity modes, but may strongly absorb the probe light and
then change the linewidth of the cavity mode significantly
[15, 40, 48–52], representing an effective dissipative sens-
ing method for single nanoparticle detection. Further-
more, combining the dissipative and reactive sensing
methods, more information of the analyte can be ob-
tained, and those two kinds of signal may verify with
each other and confirm the reliability of the detection re-
sults. Note that the linewidth change induced by the ab-
sorption loss differs from the mode broadening resulting
from additional scattering loss and unresolvable splitting
in the optical spectrum [26, 29, 53]. In this work, we thus
propose and demonstrate to detect single lossy nanoparti-
cles via the dissipative interaction with a toroidal optical
microcavity which supports high-Q optical whispering-
gallery modes (WGMs). Experimentally, gold nanorods
acting as the lossy analytes are used to examine the
performance of the present dissipative sensing method.
Thus, by setting the probe laser wavelength on and off
the surface plasmon resonance of the gold nanorods, re-
spectively, both the linewidth change and the shift of cav-
ity mode can be monitored simultaneously in real time
to evaluate the reactive and dissipative sensing methods,
highlighting the benefits of the later scheme to detect
single lossy particles.
II. EXPERIMENTAL METHOD
Fabrication of microtoroid cavity. Silica microtoroids
are fabricated sequentially through photolithography, dry
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FIG. 1. (a) Normalized extinction of gold nanorods dispersed in water, showing the plasmonic resonance at 680-nm wavelength.
(b) Schematic drawing of the experimental setup. A tunable laser is coupled into a high-Q microtoroid by a fiber taper. (c)
The normalized cross-sectional distribution of a transverse electric (TE) WGM, and the relative position of the taper and the
cavity.(d) The measured linewidth of a WGM in deionized water, showing an uncertainty of 1.35 MHz. The inset plots the
transmission spectrum of the WGM, giving an intrinsic Q factor of 2× 107. (e) The measured mode shift of the same WGM,
with an uncertainty of 1.96 MHz after subtracting a large background frequency drift (inset).
etching, and the reflow process [54]. First, the photore-
sist disks with an anticipated diameter are patterned on
a silicon wafer with a 2-µm-thermal-oxide silica layer
by photolithography. Second, the photoresist patterns
are transformed to silica disks by buffered HF etching.
Third, the silicon pillars underneath the silica disks are
generated by isotropic XeF2 dry etching. Finally, the mi-
crodisks are collapsed into toroids with ultrasmooth sur-
faces by CO2 laser pulses, which melted the peripheries
of the silica disks. The principle and minor diameter of
the toroidal microcavity used in the experiment are 100
and 6 µm, respectively.
Gold nanoparticle solution. The gold nanorod solution
is chemically synthesized using a seed-mediated method
following Ref. [55]. The resulting nanorods are relatively
uniform in sizes with an average length and diameter
of 40 and 16 nm, respectively, exhibiting a longitudinal
plasmon resonance around 680 nm confirmed by an ex-
tinction spectrum test [Fig. 1(a)]. The concentration of
the particle solution is about 200 fM. The nanorods are
naturally apart from each other due to surface charge
[55].
Taper-toroid coupling system. The coupling system of
the taper and toroidal microcavity is illustrated in Fig.
1(b). A fiber taper of submicron waist diameter is fabri-
cated by stretching a standard single mode fiber (Model
SM600, Thorlabs). Two tunable lasers at a wavelength
band of 680 nm (Model TLB6309, New Focus) and 635
nm (Model TLB6704-P, New Focus) are used to excite
WGMs of the microtoroid via the evanescent coupling
with the taper. The laser power is set as low as ∼100
µW to reduce the thermal effect. TE or TM modes are
selectively excited using a polarization controller. A mi-
crofluidic channel is designed to immerse the cavity in
gold nanoparticle solution, and part of the particle bind-
ing events can be observed from the scattering light us-
ing a CCD camera. The transmission light of the taper
is collected by a low-noise photodetector (Model 1801,
New Focus) and analyzed by an oscilloscope (Model:
DLM2034, Yokogawa). The linewidth change ∆κT and
the mode shift δf can be obtained from the real-time
fitting with an iteration of weighted least squared regres-
sion.
The coupling strength of the taper and the micro-
cavity depends strongly on their relative position, and
can be controlled by adjusting the taper position along
both the radial (rˆ) and polar (θˆ) directions of the cavity
[shown in Fig. 1(c)]. At an optimal position, the decay
rate equals to the coupling strength, and the transmit-
ted light vanishes, corresponding to the critical coupling
regime. When the taper is placed in the equator plane
(i.e., θ = 0), a gap from the cavity is necessary to achieve
critical coupling, and the fiber taper suffers from oscil-
lations induced by environment fluctuations, leading to
experimental noises. Note that the WGM field confined
in the toroid decays not only in the radial direction but
3also in the polar direction of the toroid [see finite element
method (FEM) simulation in Fig. 1(c)]. While the taper
is placed above or below the equator plane (i.e., θ 6= 0),
the critical coupling point can be achieved even when the
taper attaches to the microtoroid surface, significantly re-
ducing taper vibrations. In the experiment, we therefore
position the taper at the θ 6= 0 location, working around
the critical coupling point, to sustain both the high-Q
factor and the distinguishable WGM dip from the trans-
mission signal.
III. RESULTS AND DISCUSSION
The experimental uncertainties of the linewidth change
and the shift of the cavity mode are firstly evaluated,
when the microcavity system is immersed in deionized
water. The intrinsic Q factor of the WGM is 2 × 107 at
the 680-nm wavelength band [see the transmission spec-
trum in the inset of Fig. 1(d)]. The minor asymmetry in
the line shape is resulted from the thermal effect of the
laser which introduces extra experimental noise. The ex-
perimental uncertainty of the linewidth change and mode
shift, using one standard deviation, are measured to be
1.35 and 1.96 MHz, respectively, in Figs. 1(d) and 1(e).
The measured experimental uncertainty of the mode shift
(1.96 MHz), using one standard deviation, is ∼1.5 times
larger than that of the linewidth change (1.35 MHz), as
a result of the laser jitter and an external drift in the
resonance frequency [Fig 1(e)]. As for the mode shift, an
extra step of background subtraction is applied to cal-
culate the uncertainties, since evident frequency drifts
of −13.1 MHz/s in deionized water are clearly seen in
these data due to environmental temperature drift [see
Fig. 1(e) inset]. Similar drift is also observed in another
experiment [32]. This linear frequency drift is removed
from the raw data, and the generated data are applied to
the analysis of the linewidth change and the mode shift.
To study the ability of the dissipative sensing method,
the microcavity system is immersed in the solution of
gold nanoparticles dissolved in deionized water with the
concentration of 200 fM. The probe wavelength on the
SPR around 680-nm band is used to excite WGMs, where
the gold nanorods show the maximum extinction coeffi-
cient. Both the linewidth ∆κT and resonance shift δf
are plotted in Fig. 2, with the gray vertical dashed lines
illustrating the single-particle-binding moments, and the
red-guided lines are determined by a step-finder algo-
rithm. Part of the particle binding events on the cav-
ity are observed via the scattering light [see the top-view
images of the microtoroid in the inset of Fig. 2(a) as
an example, where the particle attached to the cavity
is indicated in a dashed circle]. Note that single parti-
cles may have the chance to attach to the fiber taper,
but those events only result in a power decrease in the
transmission spectrum, and have no contributions to the
linewidth change and mode shift. Evidently, as a re-
sponse of the single-particle binding event, the linewidth
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FIG. 2. Measured linewidth (a) and shift (b) of the WGM
shown in Fig. 1(d) when the probe wavelength is 680 nm
(the plasmonic resonance of the particles). The microcavity
is placed in the gold nanoparticle solution (200 fM). The gray
dashed lines illustrate nanoparticle binding events at the same
moment. The inset shows two top-view images, captured by
a CCD camera, of the microcavity with a major (minor) di-
ameter of 100 µm (6 µm) before and after one binding event.
The scattering light in the dashed circle indicates the newly
bound particle.
and resonant wavelength could alter simultaneously in
Fig. 2. The threshold of the step changes is set as 3 times
one standard deviation [i.e., experimental uncertainty σ
in Figs. 1(d) and 1(e)]. This 3σ degree of certainty is
also used in other experimental data processing [56, 57].
On the other hand, a lower threshold could be set such
that two minor step changes emerge at t ∼ 5 and 21 s in
Fig. 2(b), in which case, however, some other unreliable
changes such as spike noises may also be misread as single
nanoparticle binding events. As expected, the response is
distinct from each other at some points. For example, a
few single-particle binding events, arrows pointed in Fig.
2(b), cannot be distinguished by the mode shift measure-
ment, because the shifts are below the threshold of the
step changes. This phenomenon is caused by the fact
that the real part of the polarizability of a metal particle
approaches zero when the frequency is on SPR. In this
case no evident shift of the WGM can be observed due to
the absence of backscattering, while the linewidth change
can still respond to the particle binding events due to ab-
sorption. Additionally, the nonzero imaginary part of the
polarizability contributes to the side scattering instead of
the backscattering, permitting one to observe the particle
through the CCD camera in the inset of Fig. 2(a).
The laser probe light is then swept around 635 nm
which is off-SPR wavelength to weaken the nanoparticle
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FIG. 3. Measured linewidth (a) and shift (b) of the WGM
when the probe wavelength is 635 nm. The probe wavelength
is off the surface plasmon resonance of the particles. Other
experimental conditions are the same with that in Fig. 2.
absorption, and similarly, the linewidth and mode shift
over 100 s are shown in Fig. 3. Different from Fig. 2,
all observed nanoparticle binding events can be identified
simultaneously via both the reactive and dissipative sens-
ing methods. As expected, the mode shift magnitude at
635 nm increases compared to that in the 680-nm case,
because the real part of polarizability of a single parti-
cle becomes nonzero, and the backscattering of WGMs
adds to the mode shift. A linewidth decrease appears at
70 s, resulting from the multiparticle interference of the
nanorods studied in Refs. [58–60].
The distributions of the linewidth change and mode
shift above 3 times the uncertainties are plotted in Fig.
4. From the statistical analysis, the dissipative sensing
measurement catches eight more nanorods binding events
than the reactive sensing method at 680-nm probe wave-
length in 10 min [Figs. 4(a) and 4(b)]. Furthermore, the
average linewidth change (∼13.5 MHz) at 680 nm is ∼1.3
times larger compared to the value (∼10.2 MHz) at 635
nm due to the SPR-enhanced field inside the nanopar-
ticle. Inversely, the average mode shift (∼11.2 MHz) at
635 nm is exhibited at ∼1.7 times larger than the value
(∼6.5 MHz) at the on-resonance wavelength due to the
nonzero real part of the polarizability as discussed above.
The signal-to-noise ratio (SNR) of the linewidth change
and mode shift are ∼3.3 and ∼1.1 at 680 nm, respec-
tively, while the values become ∼2.5 and ∼1.9 at 635
nm. In particular, the SNR of the mode shift on SPR is
as low as ∼1.1, which explains the difficulty in observ-
ing single-particle binding events via the reactive sensing
method. Remarkably, the SNR of the linewidth change
as a result of dissipative interactions remains higher than
that of the mode shift at both probe wavelengths; for ex-
ample, it is about 3 times higher on SPR, thus providing
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FIG. 4. Distributions of linewidth change and mode shift
induced by gold nanorods binding on the microtoroid in 10
min. The probe wavelength is ∼680 nm [(a) and (b)] or ∼635
nm [(c) and (d)].
a better sensing performance, compared with the con-
ventional reactive sensing method when the mode shift
is almost unresolvable from the background noise.
The experimental results above can be verified theoret-
ically according to the Wigner-Weisskopf semi-quantum-
electrodynamics treatment. In theory, the subwavelength
particle positioned on the microtoroid surface is polarized
by the evanescent field of the WGM which can be consid-
ered to be uniform. The total loss induced by the particle
originates from the side scattering and absorption loss,
i.e.,
γ = γs + γa, (1)
in which
γs =
ε
5/2
m |α|2f2(~r)ω4c
6πc3εcVc
(2)
and
γa =
Im[ε]f2(~r)ωcVp|β|
2
εcVc
. (3)
Therefore, the linewidth change is determined by both
the real and imaginary part of the polarizability, which
is similar as the interferometric scattering (iSCAT) mi-
croscopy [61]. Here, ε and α are the permittivity [62]
and polarizability of the metal particle, εm and εc are the
permittivity of the surrounding medium and the cavity,
f(~r) denotes the cavity mode function, ωc represents the
degenerate angular frequency of CW and CCW WGMs,
Vc and Vp are the cavity mode volume and the particle
volume, β is the root-mean-square enhancement of the
electric field inside the nanorod which can be calculated
from FEM simulation, and c is the speed of light in vac-
uum. In addition, the backscattering coupling strength,
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FIG. 5. Theoretical predictions of linewidth change ∆κT
(left axis, dash-dotted curve) and mode shift δf (right axis,
solid curve) at different probe light frequency (wavelength)
for a gold nanorod (40 nm × 16 nm) bound in a WGM with
Q = 2 × 107 , Vc ≈ 450 µm
3 and f2(~r) ≈ 0.2. The dissi-
pative interaction (dashed curve) contributes 10 times higher
to the linewidth change than the nanoparticle scattering (dot-
ted curve) does. The symbols represents the linewidth change
and mode shift using the 3D model via COMSOL software.
contributing to the mode shift, can be written as
g = −
εmRe[α]f
2(~r)ωc
2εcVc
, (4)
which is only dependent on the real part of the polariz-
ability.
As shown in Fig. 5, the linewidth change induced by
the dissipative interaction (dashed curve) is more than 10
times higher than that by the scattering interaction (dot-
ted curve). Therefore, ∆κT (dash-dotted curve) mainly
results from the particle absorption and differs from
the backscattering-induced mode broadening. When the
probe wavelength is about 680 nm (SPR wavelength),
the linewidth change induced by a single metal nanopar-
ticle reaches a maximum, while the mode shift remains
close to zero. This theoretical calculation explains the ex-
perimental results in Fig. 2, where some binding events
can be distinguished only via the linewidth change and
the reactive sensing would fail. In Fig. 5, the mode
shift induced by the reactive interaction vastly increases
when the wavelength is detuned from SPR. For exam-
ple, around 635 nm, δf reaches 16.8 MHz, which is far
from zero. As the wavelength increases, the real part
of the particle polarizability turns from negative to pos-
itive values. When Re[α] = 0 at a wavelength close to
SPR, the dipole moment of the nanoparticle has a π/2
phase difference with the evanescent field, and the cou-
pling energy between the nanoparticle and the cavity is
zero, resulting in a zero mode shift [63]. The positive
mode frequency shift in Fig. 5 appears corresponding to
the prediction when Re[α] < 0. Although in this case,
gold nanorods experience a repulsive optical force from
the optical field [64], the positive frequency shifts are
still observed in Figs. 3(b) and 4(d), possibly due to the
electric force between the negatively charged silica cavity
and the positively charged gold nanorods. Note that the
WGM wavelength in Fig. 2 is 682.8 nm, thus, no posi-
tive mode shift is observed, which is consistent with the
theoretical predictions in Fig. 5. The 3D finite-element-
method simulations using COMSOL 4.3a rf module is also
conducted to verify the theoretical predictions in Fig. 5,
and the detailed simulation conditions can be found in
Ref. [63]. Although the magnitudes of the linewidth
change and the mode shift do not fall exactly on the
experimental results due to the nonuniform size distribu-
tion of the the nanorods as well as their random position
on the cavity and orientation, the general trend is the
same, for example, the linewidth change is larger than
the mode shift at 680 nm, and vice versa at 635 nm [63].
Theoretically, the largest linewidth change induced by
a 40 nm ×16 nm gold nanorod is 130 MHz at the SPR
wavelength, i.e., 680 nm (Fig. 5). Considering the
threshold of finding a linewidth step change is 4.05 MHz
(i.e., 3 times the experimental uncertainty), the small-
est dimension of a nanorod that can be detected by the
dissipative sensing method is about 13 nm × 5 nm at
its SPR wavelength. Similarly, the minimum detectable
dimension of a gold nanorod is 23 nm × 10 nm at the
wavelength when the mode shift peaks maximum. Thus,
the linewidth change method can detect a single gold
nanorod of ∼12 times smaller volume than that observed
by the mode shift, representing a better detection limit.
While the microscopy techniques, such as dark field, iS-
CAT [61, 65], and photothermal microscopy [66], which
achieve the imaging of single analytes in a high speed,
microcavity sensing has less restriction on the stability
of the light source, and is ready for on-chip integration.
In addition, the tunable laser or a high-resolution spec-
trometer in the conventional microcavity sensing setups
could be replaced by other types of coherent measure-
ment methods such as the microcavity lasing beat note
[42, 44, 45] or cavity ring-up spectroscopy [17].
IV. CONCLUSION
In summary, a dissipative sensing method is demon-
strated to detect single lossy nanoparticles with a high-Q
toroidal microcavity. By monitoring both the linewidth
change and mode shift simultaneously in the experiment,
the performance of the dissipative sensing shows a better
detection ability compared to the general reactive sensing
method, and the detection of single gold nanorods is real-
ized in the aqueous environment. Tuning the probe wave-
length on SPR, the mode shift of WGMs approaches zero
due to the absence of backscattering caused by the zero
real part of the particle polarizability, while the dissipa-
tive interaction still works. The experimental results fall
6within the theoretical prediction. The dependence of the
linewidth change and the mode shift on frequency may
provide a way to obtain the information of the nanopar-
ticles in the electric field, such as the polarizability of
the particle. This dissipative sensing method holds great
potential in detecting nanoparticles of high absorption
or ultralow polarizabilities, such as carbon nanotubes
and metal nanoparticles, and in characterizing nanopar-
ticle properties in combination with the reactive sensing
method.
V. ACKNOWLEDGMENT
Y.F.X. thanks Stephen Arnold, Lan Yang, and Xue-
Feng Jiang for stimulating discussions. Y.F.X. provided
the idea, designed the experiment, and supervised the
project. This work is supported by the 973 Program
(Grants No. 2013CB921904 and No. 2013CB328704),
the NSFC (Grants No. 61435001, No. 11474011, and
No. 11222440), and the Beijing Natural Science Foun-
dation Program (Grant No. 4132058). B. Q. S. was
supported by the National Fund for Fostering Talents of
Basic Science (Grants No. J1030310 and No. J1103205).
B. Q. S., X. C. Y. and Y. Z. performed the experiment,
analyzed the data, and contributed equally to this work.
All authors contributed to the discussion and paper writ-
ing.
[1] H. L. Bachrach, and S. S. Breese, Purification and elec-
tron microscopy of foot-and-mouth disease virus, Proc.
Soc. Exp. Biol. Med. 97, 659 (1958).
[2] M. Legendre, J. Bartoli, L. Shmakova, S. Jeudy,
K. Labadie, A. Adrait, M. Lescot, O. Poirot, L. Bertaux,
C. Bruley, Y. Coute, E. Rivkina, C. Abergel, and J. M.
Claverie, Thirty-thousand-year-old distant relative of gi-
ant icosahedral DNA viruses with a pandoravirus mor-
phology, Proc. Natl. Acad. Sci. U. S. A. 111, 4274 (2014).
[3] H. Kelkar, D. Wang, D. Mart´ın-Cano, B. Hoffmann,
S. Christiansen, S. Go¨tzinger, and V. Sandoghdar, Sens-
ing Nanoparticles with a Cantilever-Based Scannable Op-
tical Cavity of Low Finesse and Sub-λ3 Volume, Phys.
Rev. Applied 4, 054010 (2015).
[4] F. Liang, and Q. Quan, Detecting single gold nanoparti-
cles (1.8 nm) with ultrahigh-Q air-mode photonic crystal
nanobeam cavities, ACS Photonics 2, 1692 (2015).
[5] C. Wang, Q. Quan, S. Kita, Y. Li, and M. Loncˇar, Single-
nanoparticle detection with slot-mode photonic crystal
cavities, Appl. Phys. Lett. 106, 261105 (2015).
[6] F. Vollmer, D. Braun, A. Libchaber, M. Khoshsima,
I. Teraoka, and S. Arnold, Protein detection by optical
shift of a resonant microcavity, Appl. Phys. Lett. 80,
4057 (2002).
[7] N. M. Hanumegowda, C. J. Stica, B. C. Patel, I. White,
and X. Fan, Refractometric sensors based on microsphere
resonators, Appl. Phys. Lett. 87, 201107 (2005).
[8] Y. Zhi, C. P. K. Manchee, J. W. Silverstone, Z. Zhang,
and A. Meldrum, Refractometric sensing with silicon
quantum dots coupled to a microsphere, Plasmonics 8,
71 (2013).
[9] S. Avino, A. Krause, R. Zullo, A. Giorgini, P. Malara,
P. De Natale, H. P. Loock, and G. Gagliardi, Direct sens-
ing in liquids using whispering-gallery-mode droplet res-
onators, Adv. Opt. Mater. 2, 1155 (2014).
[10] C.-Y. Chao, W. Fung, and L. J. Guo, Polymer microring
resonators for biochemical sensing applications, IEEE J.
Sel. Top. Quantum Electron. 12, 134 (2006).
[11] H. Zhu, I. M. White, J. D. Suter, P. S. Dale, and X. Fan,
Analysis of biomolecule detection with optofluidic ring
resonator sensors, Opt. Express 15, 9139 (2007).
[12] M. Sumetsky, R. S. Windeler, Y. Dulashko, and X. Fan,
Optical liquid ring resonator sensor, Opt. Express 15,
14376 (2007).
[13] A. L. Washburn, L. C. Gunn, and R. C. Bailey, Label-
free quantitation of a cancer biomarker in complex media
using silicon photonic microring resonators, Anal. Chem.
81, 9499 (2009).
[14] S. Lin and K. B. Crozier, Planar silicon microrings
as wavelength-multiplexed optical traps for storing and
sensing particles, Lab Chip 11, 4047 (2011).
[15] A. M. Armani and K. J. Vahala, Heavy water detec-
tion using ultra-high-Qmicrocavities, Opt. Lett. 31, 1896
(2006).
[16] X. Zhang and A. M. Armani, Silica microtoroid resonator
sensor with monolithically integrated waveguides, Opt.
Express 21, 23592 (2013).
[17] S. Rosenblum, Y. Lovsky, L. Arazi, F. Vollmer, and
B. Dayan, Cavity ring-up spectroscopy for ultrafast sens-
ing with optical microresonators, Nat. Commun. 6, 6788
(2015).
[18] M. Sumetsky, Y. Dulashko, and R. S. Windeler, Optical
microbubble resonator, Opt. Lett. 35, 898 (2010).
[19] M. Li, X. Wu, L. Liu, X. Fan, and L. Xu, Self-referencing
optofluidic ring resonator sensor for highly sensitive
biomolecular detection, Anal. Chem. 85, 9328 (2013).
[20] Y. Yang, J. Ward, and S. Nic Chormaic, Quasi-droplet
microbubbles for high resolution sensing applications,
Opt. Express 22, 6881 (2014).
[21] L. Ma, S. Li, V. A. Bolan˜os Quin˜ones, L. Yang, W. Xi,
M. Jorgensen, S. Baunack, Y. Mei, S. Kiravittaya, and
O. G. Schmidt, Dynamic molecular processes detected
by microtubular opto-chemical sensors self-assembled
from prestrained nanomembranes, Adv. Mater. 25, 2357
(2013).
[22] S. Li, L. Ma, S. Bo¨ttner, Y. Mei, M. R. Jorgensen, S. Ki-
ravittaya, and O. G. Schmidt, Angular position detection
of single nanoparticles on rolled-up optical microcavities
with lifted degeneracy, Phys. Rev. A 88, 033833 (2013).
[23] S. Arnold, M. Khoshsima, I. Teraoka, S. Holler, and
F. Vollmer, Shift of whispering-gallery modes in micro-
spheres by protein adsorption, Opt. Lett. 28, 272 (2003).
[24] J. T. Robinson, L. Chen, and M. Lipson, On-chip gas
detection in silicon optical microcavities, Opt. Express
716, 4296 (2008).
[25] W. Weng, J. D. Anstie, and A. Luiten, Refractome-
try with Ultralow Detection Limit using Anisotropic
Whispering-Gallery-Mode Resonators, Phys. Rev. Ap-
plied 3, 044015 (2015).
[26] L. Chantada, N. I. Nikolaev, A. L. Ivanov, P. Borri, and
W. Langbein, Optical resonances in microcylinders: re-
sponse to perturbations for biosensing, J. Opt. Soc. Am.
B 25, 1312 (2008).
[27] A. Mazzei, S. Go¨tzinger, L. de S. Menezes, G. Zumofen,
O. Benson, and V. Sandoghdar, Controlled Coupling of
Counterpropagating Whispering-Gallery Modes by a Sin-
gle Rayleigh Scatterer: A classical Problem in a Quantum
Optical Light, Phys. Rev. Lett. 99, 173603 (2007).
[28] F. Vollmer, S. Arnold, and D. Keng, Single virus detec-
tion from the reactive shift of a whispering-gallery mode,
Proc. Natl. Acad. Sci. U. S. A. 105, 20701 (2008).
[29] L. Shao, X.-F. Jiang, X.-C. Yu, B.-B. Li, W. R. Clements,
F. Vollmer, W. Wang, Y.-F. Xiao, and Q. Gong, De-
tection of single nanoparticles and lentiviruses using mi-
crocavity resonance broadening, Adv. Mater. 25, 5616
(2013).
[30] J. Zhu, S¸. K. O¨zdemir, Y.-F. Xiao, L. Li, L. He, D.-R.
Chen, and L. Yang, On-chip single nanoparticle detection
and sizing by mode splitting in an ultrahigh-Q microres-
onator, Nat. Photonics 4, 46 (2010).
[31] W. Kim, S¸. K. O¨zdemir, J. Zhu, F. Faraz, C. Coban,
and L. Yang, Detection and size measurement of individ-
ual hemozoin nanocrystals in aquatic environment using
a whispering gallery mode resonator, Opt. Express 20,
29426 (2012).
[32] J. D. Swaim, J. Knittel, and W. P. Bowen, Detection of
nanoparticles with a frequency locked whispering gallery
mode microresonator, Appl. Phys. Lett. 102, 183106
(2013).
[33] C. Wang, Q. Quan, S. Kita, Y. Li, and M. Loncˇar, Single-
nanoparticle detection with slot-mode photonic crystal
cavities, Appl. Phys. Lett. 106, 261105 (2015).
[34] M. A. Santiago-Cordoba, S. V. Boriskina, F. Vollmer,
and M. C. Demirel, Nanoparticle-based protein detection
by optical shift of a resonant microcavity, Appl. Phys.
Lett. 99, 073701 (2011).
[35] S. I. Shopova, R. Rajmangal, S. Holler, and S. Arnold,
Plasmonic enhancement of a whispering-gallery-mode
biosensor for single nanoparticle detection, Appl. Phys.
Lett. 98, 243104 (2011).
[36] J. D. Swaim, J. Knittel, and W. P. Bowen, Detection
limits in whispering gallery biosensors with plasmonic en-
hancement, Appl. Phys. Lett. 99, 243109 (2011).
[37] V. R. Dantham, S. Holler, V. Kolchenko, Z. Wan, and
S. Arnold, Taking whispering gallery-mode single virus
detection and sizing to the limit, Appl. Phys. Lett. 101,
043704 (2012).
[38] Y.-F. Xiao, Y.-C. Liu, B.-B. Li, Y.-L. Chen, Y. Li, and
Q. Gong, Strongly enhanced light-matter interaction in a
hybrid photonic-plasmonic resonator, Phys. Rev. A 85,
031805(R) (2012).
[39] V. R. Dantham, S. Holler, C. Barbre, D. Keng,
V. Kolchenko, and S. Arnold, Label-free detection of sin-
gle protein using a nanoplasmonic-photonic hybrid mi-
crocavity, Nano. Lett. 13, 3347 (2013).
[40] M. D. Baaske, M. R. Foreman, and F. Vollmer, Single-
molecule nucleic acid interactions monitored on a label-
free microcavity biosensor platform, Nat. Nanotechnol.
9, 933 (2014).
[41] Y.-F. Xiao, C.-L. Zou, B.-B. Li, Y. Li, C.-H. Dong, Z.-F.
Han, and Q. Gong, High-Q Exterior Whispering-Gallery
Modes in a Metal-Coated Microresonator, Phys. Rev.
Lett. 105, 153902 (2010).
[42] L. He, S¸. K. O¨zdemir, J. Zhu, W. Kim, and L. Yang, De-
tecting single viruses and nanoparticles using whispering
gallery microlasers, Nat. Nanotechnol. 6, 428 (2011).
[43] A. J. Maker and A. M. Armani, Heterodyned toroidal
microlaser sensor, Appl. Phys. Lett. 103, 1233002 (2013).
[44] B.-B. Li, W. R. Clements, X.-C. Yu, K. Shi, Q. Gong,
and Y.-F. Xiao, Single nanoparticle detection using split-
mode microcavity Raman lasers, Proc. Natl. Acad. Sci.
U. S. A. 111, 14657 (2014).
[45] S¸. K. O¨zdemir, J. Zhu, X. Yang, B. Peng, H. Yilmaz,
L. He, F. Monifi, S. H. Huang, G. L. Long, and L. Yang,
Highly sensitive detection of nanoparticles with a self-
referenced and self-heterodyned whispering-gallery ra-
man microlaser, Proc. Natl. Acad. Sci. U. S. A. 111,
E3836 (2014).
[46] T. Lu, H. Lee, T. Chen, S. Herchak, J.-H. Kim, S. E.
Fraser, R. C. Flagan, and K. J. Vahala, High sensitivity
nanoparticle detection using optical microcavities, Proc.
Natl. Acad. Sci. U. S. A. 108, 5976 (2011).
[47] J. Wiersig, Enhancing the Sensitivity of Frequency and
Energy Splitting Detection by Using Exceptional Points:
Application to Microcavity Sensors for Single-Particle
Detection, Phys. Rev. Lett. 112, 203901 (2014).
[48] V. S. Ilchenko and L. Maleki, Novel whispering-gallery
resonators for lasers, modulators, and sensors, Proc.
SPIE 4270, 120 (2001).
[49] J. H. Chow, I. C. M. Littler, D. S. Rabeling, D. E.
McClelland, and M. B. Gray, Using active resonator
impedance matching for shot-noise limited, cavity en-
hanced amplitude modulated laser absorption spec-
troscopy, Opt. Express 16, 7726 (2008).
[50] M. I. Cheema, S. Mehrabani, A. A. Hayat, Y.-A. Pe-
ter, A. M. Armani, and A. G. Kirk, Simultaneous mea-
surement of quality factor and wavelength shift by phase
shift microcavity ring down spectroscopy, Opt. Express
20, 9090 (2012).
[51] J. Knittel, J. H. Chow, M. B. Gray, M. A. Taylor, and
W. P. Bowen, Ultrasensitive real-time measurement of
dissipation and dispersion in a whispering-gallery mode
microresonator, Opt. Lett. 38, 1915 (2013).
[52] M. R. Foreman, S. Avino, R. Zullo, H. P. Loock,
F. Vollmer, and G. Gagliardi, Enhanced nanoparticle
detection with liquid droplet resonators, Eur. Phys. J.:
Spec. Top. 223, 1971 (2014).
[53] J. Zhu, S¸. K. O¨zdemir, L. He, D.-R. Chen, and
L. Yang, Single virus and nanoparticle size spectrometry
by whispering-gallery-mode microcavities, Opt. Express
19, 16195 (2011).
[54] D. K. Armani, T. J. Kippenberg, S. M. Spillane, and
K. J. Vahala, Ultra-high-Q toroid microcavity on a chip,
Nature (London) 421, 925 (2003).
[55] P. Wang, L. Zhang, Y. Xia, L. Tong, X. Xu, and
Y. Ying, Polymer nanofibers embedded with aligned gold
nanorods: a new platform for plasmonic studies and op-
tical sensing, Nano. Lett. 12, 3145 (2012).
[56] I. M. White and X. Fan, On the performance quantifi-
cation of resonant refractive index sensors, Opt. Express
816, 1020 (2008).
[57] Q. Quan, D. L. Floyd, I. B. Burgess, P. B. Deotare, I.
W. Frank, S. K. Y. Tang, R. Ilic, and M. Loncar, Single
particle detection in CMOS compatible photonic crystal
nanobeam cavities, Opt. Express 21, 32225 (2013).
[58] Y. Hu, L. Shao, S. Arnold, Y.-C. Liu, C.-Y. Ma, and Y.-
F. Xiao, Mode broadening induced by nanoparticles in
an optical whispering-gallery microcavity, Phys. Rev. A
90, 043847 (2014).
[59] J. Wiersig, Structure of whispering-gallery modes in op-
tical microdisks perturbed by nanoparticles, Phys. Rev.
A 84, 063828 (2011).
[60] X. Yi, Y.-F. Xiao, Y.-C. Liu, B.-B. Li, Y.-L. Chen, Y. Li,
and Q. Gong, Multiple-Rayleigh-scatterer-induced mode
splitting in a high-Q whispering-gallery-mode microres-
onator, Phys. Rev. A 83, 023803 (2011).
[61] M. Piliarik, and V. Sandoghdar, Direct optical sensing of
single unlabelled proteins and super-resolution imaging
of their binding sites, Nat. Commun. 5, 4495 (2014).
[62] P. B. Johnson and R. W. Christy, Optical constants of
the noble metals, Phys. Rev. B 6, 4370 (1972).
[63] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevApplied.5.024011 for
nanorod polarizability dependence on the wavelength,
detailed COMSOL simulation conditions, and comparison
of experimental results and theoretical values.
[64] B. Sepu´lveda, J. Alegret, and M. Ka¨ll, Nanometric con-
trol of the distance between plasmonic nanoparticles us-
ing optical forces, Opt. Express 15, 14914 (2007).
[65] J. Ortega-Arroyo, and P. Kukura, Interferometric scat-
tering microscopy (iSCAT): New frontiers in ultra-
fast and ultrasensitive optical microscopy, Phys. Chem.
Chem. Phys. 14, 15625 (2012).
[66] A. Gaiduk, P. V. Ruijgrok, M. Yorulmaz, and M. Orrit,
Detection limits in photothermal microscopy, Chem. Sci.
1, 343 (2010).
